Pup (prokaryotic ubiquitin-like protein) from Mycobacterium tuberculosis is the first ubiquitin-like protein identified in non-eukaryotic cells. Although different ubiquitin-like proteins from eukaryotes share low sequence similarity, their 3D (three-dimensional) structures exhibit highly conserved typical ubiquitin-like folds. Interestingly, our studies reveal that Pup not only shares low sequence similarity, but also presents a totally distinguished structure compared with other ubiquitinlike superfamily proteins. Diverse structure predictions combined with CD and NMR spectroscopic studies all demonstrate that Pup is an intrinsically disordered protein. Moreover, 1 H-15 N NOE (nuclear Overhauser effect) data and CSI (chemical shift index) analyses indicate that there is a residual secondary structure at the C-terminus of Pup. In M. tuberculosis, Mpa (mycobacterium proteasomal ATPase) is the regulatory cap ATPase of the proteasome that interacts with Pup and brings the substrates to the proteasome for degradation. In the present paper, SPR (surface plasmon resonance) and NMR perturbation studies imply that the C-terminus of Pup, ranging from residues 30 to 59, binds to Mpa probably through a hydrophobic interface. In addition, phylogenetic analysis clearly shows that the Pup family belongs to a unique and divergent evolutionary branch, suggesting that it is the most ancient and deeply branched family among ubiquitinlike proteins. This might explain the structural distinction between Pup and other ubiquitin-like superfamily proteins.
INTRODUCTION
Protein degradation is an important mechanism involved in broad cellular events such as post-translational quality control, cell-cycle regulation and development [1] [2] [3] . In eukaryotes, the process of degradation is carried out by the ubiquitin-proteasome system [1] . The 26S proteasome comprises a 20S core particle, where proteins are degraded, and one or two 19S regulatory particles with functions including substrate binding, unfolding, translocation and deubiquitylation in proteolysis [2] [3] [4] . The ubiquitylation of target proteins is catalysed by an enzymatic cascade involving a ubiquitin-activating enzyme (E1), a ubiquitinconjugating enzyme (E2) and a ubiquitin ligase (E3). Different E2 and E3 proteins determine the specificity of ubiquitylated target proteins [5] [6] [7] .
In bacteria, protein degradation is carried out by four families of energy-dependent proteases including ClpAP/XP, HslUV/ClpQY, Lon and FtsH [8] . In all of them, substrates are first recognized and bound by ATPase domains, and are then unfolded and translocated to a sequestered proteolytic chamber. Some archaea and certain bacteria contain 20S proteasomes [9] . The crystal structures of 20S proteasome have been solved in some prokaryotes, such as the archaeon Thermoplasma acidophilum [10] and Archeaoglobus fulgidus [11] , as well as the bacteria Rhodococcus erythropolis [12] and Mycobacterium tuberculosis [13] . The structural organization and catalytic mechanism of these prokaryotic 20S proteasomes are very similar to those of the eukaryotic counterparts. In M. tuberculosis, Mpa (mycobacterium proteasomal ATPase) is the regulatory cap ATPase of proteasomes [14] . Some substrates of the M. tuberculosis proteasome have been identified, such as FabD (malonyl-CoA acyl carrier protein) and ketopantoate hydroxymethyltransferase [14, 15] .
In a recent study, Pearce et al. [16] found that M. tuberculosis contains a small protein, Rv2111c (subsequently called Pup for prokaryotic ubiquitin-like protein), which is covalently conjugated to the NH 2 groups of lysines (called pupylation) on several target proteins, such as FabD. Pupylation of FabD was shown to result in its degradation, analogous to eukaryotic ubiquitin-conjugated proteins. This remarkable conjugation reaction was found to be dependent upon another mycobacterial protein, the proteasome accessory factor, PafA [16] [17] [18] . In mpa and pafA mutants, FabD and other M. tuberculosis proteasome substrates are accumulated. They also detected Pup-FabD in wild-type M. tuberculosis and an accumulation of this species in the mpa mutant; however, Pup-FabD was undetectable in the pafA mutant. Therefore, PafA is involved in pupylation, a process that seems specific for M. tuberculosis proteasome substrates. Using sensitive sequence profile comparison methods, Iyer et al. [19] identified that PafA family proteins were related related to the γ -glutamyl-cysteine synthetase and glutamine synthetase enzymes. On the basis of this analysis, PafA is assumed to be a Pup ligase, which catalyses the ATP-dependent ligation of the terminal γ -carboxylate of glutamate to lysines [19] .
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Pup contains 64 amino acids with a di-glycine at the C-terminus, which is similar to ubiquitin and ubiquitin-like proteins; however, Pup shares very low overall sequence similarity with ubiquitin superfamily proteins [5] [6] [7] . Usually, several extra residues at the C-terminus are removed to expose the Gly-Gly residues before ubiquitin and ubiquitin-like proteins are mature. The Cterminal Gly-Gly is then covalently conjugated to lysine residues of substrates [5] [6] [7] . However, in contrast with this process, the Pup C-terminus terminates with a Gly-Gly-Gln sequence and the C-terminal glutamine residue is deamidated before it is conjugated to the substrate FabD [16] [17] [18] . These observations suggest pupylation is similar to, but distinct from, ubiquitin modification [17] .
The discovery of Pup and pupylation presents an exciting new paradigm for protein degradation and regulation in the prokaryote. Although ubiquitin and other ubiquitin-like proteins from eukaryotes share low sequence similarity with Pup, their 3D (three-dimensional) structures are highly conserved [30, 31] . However, in the present work, combining structural prediction, CD and NMR studies, we reveal that Pup, the first ubiquitin analogue discovered in a prokaryote, is an IDP (intrinsically disordered protein). The structural characteristics of Pup are significantly distinct from those of ubiquitin and other ubiquitinlike proteins. We further verify the interaction of Pup with Mpa. Our results suggest that the interacting region of Pup lies in the C-terminal half of Pup, where exhibits relatively higher ordered structure propensity and less flexibility.
EXPERIMENTAL

Sequence analysis
Secondary structure prediction was carried out using Jpred (http://www.compbio.dundee.ac.uk/www-jpred/index.html) with default parameters. Ordered and disordered regions in Pup were analysed by the PONDR ® algorithm (predictors of natural disordered regions; http://www.pondr.com). The default predictor VL-XT was used [20, 21] . CH (charge-hydrophobicity) plots was generated as described by Uversky et al. in [22] . Ordered and disordered proteins are separated by a linear boundary, with disordered proteins above the boundary and ordered proteins below. This boundary is described by the following relationship:
where H b stands for the 'boundary' mean hydrophobicity value and R for mean net charge [22] . The hydrophobicity of each amino acid sequence was calculated by Kyte and Doolittle approximation using a window size of five amino acids [22a] . The hydrophobicity of individual residues was normalized to a scale of 0 to 1 for the calculations. The mean hydrophobicity is defined as the sum of the normalized hydrophobicities of all residues divided by the number of residues in the sequence [23] . The mean net charge is defined as the charge of the protein divided by the number of residues in the sequence [23] . 
Protein expression and purification
Full-length genes encoding Pup and Map were amplified by PCR from the genome of M. tuberculosis, a gift from Dr B. Sun (University of Science and Technology of China). The primer set of forward primer 5 -AAATCATATGGCGCAAGA-GCAGACCAAGC-3 and reverse primer 5 -ATCACTCGAGTC-ACTGTCCGCCCTTTTGGACG-3 was used to amplify the gene encoding Pup and the primer set of forward primer 5 -AAATCA-TATGGGTGAGTCAGAGCGTTCTGAGGCATTCGG-3 and reverse primer 5 -ATTAAAGCTTCAGGTACTGGCCGAGG-TTG-3 was used to amplify the gene encoding Mpa. The amplified Pup and Mpa genes were cloned into pET28 (Novagen) between the NdeI and XhoI sites and pET-22b(+) (Novagen) between the NdeI and HindIII sites respectively. pET28 was reconstructed from pET28a(+) by replacing the sequence between NcoI and NdeI with a sequence encoding six histidine residues. Recombinant His 6 -Pup and Mpa-His 6 were expressed in Escherichia coli strain BL21 Gold (DE3). Cells expressing His 6 -Pup were grown in Luria-Bertani (LB) broth containing 50 μg/ml of kanamycin at 37
• C to a D 600 of 1.5 and induced with 0.5 mM IPTG (isopropyl β-D-thiogalactoside) for 6 h. Cells expressing Mpa-His 6 were grown in LB broth containing 100 μg/ml of ampicillin at 37
• C to a D 600 of 0.8 and induced with 0.2 mM IPTG for 6 h. The induced cells were harvested by centrifugation at 3600 g for 10 min at 4
• C. They were then suspended in 30 ml of ice-cold lysis buffer (20 mM Tris/HCl, pH 7.6, containing 500 mM NaCl), and were then lysed by sonication (using a Sonics and Materials instrument at 300 W, for 1s intervals followed by 2 s rests for 5 min). The lysate was centrifuged at 14 000 g for 20 min at 4
• C. The supernatant was loaded on to a Ni-NTA resin-filled column (Qiagen). The column was washed with 20 ml of lysis buffer and 25 ml of lysis buffer containing 70 mM imidazol. Fusion proteins were eluted with elution buffer (lysis buffer containing 300 mM imidazol). The eluted proteins were dialysed against 500 ml of dialysis buffer (20 mM NaH 2 PO 4 , pH 6.8, containing 100 mM NaCl and 2 mM EDTA) three times. His 6 -Pup was then loaded on an ion-exchange column (Mono Q TM , Pharmacia) using a continuous gradient of buffer (20 mM NaH 2 PO 4, pH 6.8, with a concentration of NaCl from 0 to 1.5 M) for further purification. The peak fraction of His 6 -Pup was collected and concentrated to 4 mg/ml in dialysis buffer by using a centrifugal filter device (Millipore). 15 N-labelled His 6 -Pup was prepared in the same way except that the broth was replaced by M9 medium containing 0.5 g/l of 99 % 15 N-labelled ammonium chloride as the sole nitrogen source.
CD spectroscopy
CD experiments were performed on a Jasco-810 spectrophotometer over wavelengths ranging from 180 to 265 nm at room temperature (20 • C). Pup was dissolved in aqueous buffer solution (50 mM NaH 2 PO 4 , 50 mM Na 2 HPO 4 , pH 6.8) to a concentration of approx. 0.5 mg/ml. Measurements were taken in a 1 mm pathlength quartz cuvette at a rate of 50 nm/min and data pitch of 1 nm. The CD spectra of the buffer was measured as control and subtracted. Five successive scans were recorded and the results averaged.
NMR spectroscopy and data processing
Samples for NMR containing 0.4 mM 15 N-labelled Pup were prepared in 20 mM NaH 2 PO 4 , pH 6.8, containing 100 mM NaCl and 2 mM EDTA dissolved in 90 % H 2 O/10 % 2 H 2 O. All NMR data were collected at 293 K on a Bruker DMX500 spectrometer. 
SPR (surface plasmon resonance)
Real-time interaction of Pup with Mpa was measured by SPR on a Biacore 3000 system. The CM5 (carboxymethylated dextran) chip was activated using an amine coupling reagent mixture containing 0.4 M EDC [1-ethyl-3-(3-dimethylaminopropyl) carbodi-imideHCl] and 0.1 M NHS (N-hydroxysuccinimide) at a flow rate of 5 μl/min for 10 min. Pup was diluted to a concentration of 2 mg/ml with running buffer (20 mM NaH 2 PO 4, pH 6.8, containing 150 mM NaCl) and immobilized on the chip at a flow rate of 5 μl/min for 10 min. Ethanolamine-HCl (1.0 M, pH 8.5) was used to neutralize unbound activated sites on the chip at a flow rate of 5 μl/min for 10 min. The chip was washed twice with regeneration buffer (20 mM NaOH) and then with running buffer. Purified Mpa was diluted with running buffer. Kinetic analysis of interaction between Mpa and Pup was performed at six concentrations of Mpa (0, 0.188, 0.375, 0.75, 1.5 and 3 μM) at a flow rate of 10 μl/min for 2 min. Regeneration was performed at a flow rate of 30 μl/min for 2 min. The analysis was performed three times for each concentration. To correct for refractive index changes, the results from the control surface were subtracted from that of Pup-immobilized surface. BSA (Sigma-Aldrich, 8 mg/ml) was injected on to the Pup-immobilized surface and was used as a negative control. Kinetic analysis of SPR data was performed using BIAevaluation 4.1 (Biacore). Curves were fitted to the 1:1 (Langmuir) binding model. The dissociation constant (K d ) was derived from the kinetic analysis.
Chemical shift perturbation
In order to investigate the Mpa binding site on Pup, 0.2 mM 15 N-labelled Pup was titrated with unlabelled Mpa and the HSQC spectrum was recorded for each molar ratio. A concentration gradient consisting of six molar ratios (a Pup/Mpa molar ratio for Mpa monomers of 6:1, 3:1, 2:1, 3:2, 6:5 and 1:1) was used. The final concentration of both proteins at the end of the titration was approx. 0.1 mM. The final molar ratio of Mpa and Pup was about 1:1. The HSQC spectra were recorded at 293 K.
Phylogenetic analysis
A total of 29 sequences from ubiquitin-like modifier families, as well as the ThiS (thiazole synthase) and MoaD (molybdenum cofactor biosynthesis) families, were obtained from the National Center for Biotechnology Information reference protein database and Swiss-Prot protein sequence database (accession numbers are listed in Supplementary Table S1 available at http://www. BiochemJ.org/bj/422/bj4220207add.htm). Amino acid sequences of the above proteins were aligned using MEGA 4 [26] . Because of the low sequence similarity across these sequences, the gap separation distance was adjusted to 2.0 for a better alignment. The phylogenetic tree was constructed with a neighbour-joining method using the MEGA 4 program. The nonparametric bootstrap test was performed for 1000 replicates. The alignment was performed with ClusterW2 [34] and BOXSHADE version 3.2 (http://www.ch. embnet.org/software/BOX_form.html). Secondary structure prediction of Pup was carried out using Jpred. Pup from M. tuberculosis (M. tuberculosis_Pup) shows low identity with ubiquitin-like proteins of human (H. sapiens_ubiquitin, H. sapiens_Nedd8, H. sapiens_sumo2) but shares a double-glycine motif at the C-terminus of protein.
RESULTS
Sequence analysis shows the disordered nature of Pup
A novel protein, Pup, involved in the protein degradation process in a similar way to ubiquitin-dependent degradation, has been reported in M. tuberculosis. However, there is only 12-14 % of sequence identity between Pup and eukaryotic ubiquitin-like family proteins (Figure 1 ). Jpred analysis suggests the existence of a long unstructured region, containing more than 30 residues, at the N-terminus and two potential helical structures at the C-terminus of Pup (Figure 1) , which is distinct from the typical mostly β-sheet structure of other ubiquitin and ubiquitin-like superfamily proteins [30, 31] . As the length of the predicted unstructured region in Pup is more than 30 amino acids, which implies that the protein is potentially intrinsically disordered, the primary sequence of Pup was analysed further with the disorder predictor PONDR for more sophisticated disorder tendency information. PONDR scores in most regions of Pup indicate its disordered tendency, with the exception of the eight residues at the C-terminus, for which PONDR scores are lower than 0.5 and imply a potentially ordered structure (Figure 2A ). Thus Pup is presumed to be an IDP (intrinsically disordered protein). Typically, IDPs contain relatively more polar and charged amino acids, and less hydrophobic ones, compared with natively ordered proteins [22] . When plotting mean hydrophobicity against mean net charge for Pup, it can be seen that the amino acid composition of Pup is located within the natively unfolded protein domain ( Figure 2B ), which further suggests that Pup is an IDP.
CD spectrum of Pup exhibits characteristics of unstructured protein
Purified Pup displays an apparent molecular mass of 18 kDa ( Figure 2C ), in comparison to a theoretical molecular mass of 8 kDa. The abnormal electrophoresis shift rate of Pup in SDS/ PAGE might reflect its amino acid composition bias and extended conformation. Moreover, a CD spectrum of Pup under physiological condition displays a single minimum, at approx. 200 nm, which is the characteristic of unstructured proteins ( Figure 2D ). This observation further strengthens the suggestion that Pup is an IDP. Meanwhile, there is a broad but weak negative 'shoulder' peak between 218 nm and 230 nm, implying the existence of a small proportion of residual secondary structure ( Figure 2D) , consistent with the results from the earlier structure prediction.
NMR spectroscopic analysis confirms that Pup is an IDP
1 H- 15 N HSQC spectrum of Pup at pH 6.8 and 20
• C is shown in Figure 3 . As expected for a disordered protein, the chemical shift 
Figure 2 Structural analysis of Pup
(A) Primary sequence analysed with PONDR indicates that Pup is a mostly disordered protein with a short ordered region at the C-terminus. Any region with a PONDR score greater than 0.5 is considered to be disordered. (B) Natively folded and unfolded proteins are separated by a linear boundary, which is described by the following relationship: H b = (R + 1.151)/2.785, where H b is the 'boundary' mean hydrophobicity value and R mean net charge [22, 23] . Pup, signified by the black dot, is located in the natively unfolded area. (C) SDS/PAGE (12 % gel) of purified His 6 Supplementary Figure S1 (available at http://www. BiochemJ.org/bj/422/bj4220207add.htm). The cross-peaks were separated into distinct regions typical of the residue random coil positions (glycine, serine/threonine and alanine), emphasizing the unfolded nature of protein. Owing to the repeated amino acids (residues 9-13 and 14-17) at the N-terminus, some resonances could not be assigned unambiguously using our method. The resonances for Glu 4 Figure 4 . Rather than uniform deviations in the vicinity of zero, as expected for a random coil, significant and specific patterns of deviations were observed. This is consistent with the CD data, which shows that some residual secondary structure is present in this overall disordered protein. Coincident negative deviations were found for most HN and Hα resonances in the region around residues 52-58, indicating a greater helical structure propensity in this region [27] [28] [29] . This result is consistent with that from the PONDR predictor. However, no typical inter-residue NOE of helical structure was detected in the region 52-58, indicating that the helical structure here is in weak and transient rather than rigid and stable.
1 H- 15 N NOE values were obtained for most assigned peaks (Figure 4) . Almost all of the heteronuclear NOEs are negative, indicating that most of the polypeptide chain adopts large amplitude fluctuations on a subnanosecond time scale. This implies a highly flexible state of Pup. Residues around 32, 39-40, 46-49 and 52-58 show relatively larger 1 H-15 N NOEs than those from other fragments, suggesting less flexibility in these regions. This is in accord with the above results, which demonstrate a greater degree of helical structures and higher level order in the region 52-58. 
SPR indicates a strong interaction between Pup and Mpa
The interaction between Pup and Mpa has been identified for the native condition both in vitro and in vivo [16] . Thus we investigated the interaction between Pup and Mpa by SPR at the same conditions as for the NMR experiments (see the Experimental section). The data collected from the SPR experiment shows that Pup binds specifically to Mpa, which supports the conclusion described by Pearce et al. [16] . This result also suggests that Pup was in a functionally native state at the NMR-preformed condition ( Figure 5) . Moreover, at the stage of regeneration of the SPR chip, it was difficult to dissociate Mpa from Pup in high-salt buffer (5 M NaCl and 20 mM NaH 2 PO 4 , pH 6.8), but it could be dissolved by 0.2 mM NaOH. This result suggests that hydrophobic force is important for their interaction. Furthermore, kinetic analysis of the interaction between Mpa and Pup was performed at six concentrations of Mpa (see the Experimental section). K d , as derived from the kinetic analysis, is approx. 0.14 + − 0.02 μM, which indicates a strong interaction between Mpa and Pup. and Val 55 were the first to become weakened after addition of Mpa, suggesting that these residues are strongly involved in the interaction with Mpa. Accompanied with the addition of more Mpa, these cross-peaks were weakened so much that most of them could no longer be detected. At the same time, the weakening of some other cross-peaks from residues in the region 32-55 was observed ( Figures 6A and 6B) . Most of these perturbed residues are hydrophobic, implying that Pup binds to Mpa via hydrophobic interactions. This is consistent with the observations from the SPR experiment.
Identification of the residues of Pup necessary for binding to Mpa
DISCUSSION
Pup from M. tuberculosis was the first ubiquitin-like protein identified in a prokaryote [16] . The discovery of Pup dispels the long-term view that the ubiquitin-like protein, and the system for protein degradation, are absent in non-eukaryotic cells. Functional studies show that Pup is covalently attached to a large number of mycobacterial proteins intended for degradation and appears to play a role analogous to ubiquitin in eukaryotic systems [15] [16] [17] [18] . Unlike ubiquitin, Pup conjugation is not through the C-terminal di-glycine motif. Instead, the C-terminal glutamine appears to be deamidated and then conjugated to target proteins [16] . These studies reveal similar but somewhat different features of Pup and the pupylation system in prokaryotes compared with the counterpart system in eukaryotes.
Though different ubiquitin-like proteins from eukaryotes, such as ubiquitin, SUMO (small ubiquitin-related modifier) and Urm1 (ubiquitin related modifier 1), share low sequence similarity, their 3D structures display highly conserved typical ubiquitin-like folds [30, 31] . However, our studies reveal that Pup not only shares low sequence similarity with ubiquitin and ubiquitin-like proteins but also presents a totally different structure. In the present paper, diverse structure predictions combined with CD and NMR spectroscopic studies all demonstrate that Pup is an IDP. The disordered nature of Pup is coded in its primary sequence, which shows a high content of polar or charged residues against a low percentage of hydrophobic residues. This composition bias makes Pup depleted in 'drive force' for folding into a compact structure. Both secondary structure and disorder predictions also indicate that Pup is a mostly disordered protein, with a small proportion of secondary structure at the C-terminus. The CD data for Pup supports this conclusion, by presenting the typical spectrum for a mostly unstructured protein. In addition, the narrow dispersed amide 1 H chemical shifts in the HSQC spectrum, which is characteristic of unfolded proteins, reinforces our conclusion that Pup is an IDP. Furthermore, 1 H-15 N NOE and the CSI data identify the residual structured region at the C-terminus of Pup, consistent with the analysis from structure and disorder predictions [27] [28] [29] . Thus structural characterization reveals Pup is an IDP, the structure of which is totally distinct from the typical (i.e. mostly β-sheet) structure of other members in the ubiquitin-like protein superfamily [30, 31] .
IDPs (also known as natively unfolded, intrinsically unstructured proteins, etc.) are proteins lacking rigid compact structure under physiological conditions. IDPs are widespread in prokaryotes, archaea and eukaryotes [32] . Bioinformatics studies reveal more disordered proteins among the eukaryotes compared with the other two types of organisms [33] . One speculation is that more disorder is needed for more sophisticated regulation in the more complex organisms [33] . Some IDPs are involved in important regulatory functions and may fold into ordered structures only upon recognition of their biological partners [32, 33] . Then, does such a fold-on-bind occur in the case of the interaction of Pup with its biological partners? Reasonably, perhaps Pup's role in protein degradation in M. tuberculosis depends on its disordered property, in contrast with the process of ubiquitin-dependent degradation.
A previous study has indicated that Mpa and Pup interact with each other [16] . However, the way that Mpa and Pup interact is still unknown. In M. tuberculosis, Mpa is the regulatory cap ATPase of proteasome. Pup interacts with Mpa and brings the substrates to the proteasome for degradation [17] . In the present paper, SPR analysis confirms that Pup and Mpa do bind and suggests that the hydrophobic interface is crucial for this interaction. In many IDPs, it is the residual structured regions, or preformed structures, that are crucial for interaction with partners. We initially speculated that Pup might interact with some of its partners through the ordered C-terminus (residues 52-58), while interacting with other partners via the disordered regions. Unexpectedly and interestingly, the residues assigned for the involvement in the interaction of Pup with Mpa come from both ordered and disordered regions.
Chemical The resonances from the interacting residues in the free Pup attenuated gradually upon the titration due to the decreasing population, while the counterpart resonances in the bound form were broadened to unobservable, due to the enhanced relaxation rate in the larger size complex. As for the fragments outside the interacting region, they might keep significant flexibility when Pup is the bound form, as in the free form. This means that they retained substantially intense and sharp resonances at original sites during the whole titration process. The perturbed residues, most of which are hydrophobic, are located in the region 30 to 59. These observations suggest that Pup binds to Mpa via the last 30 amino acids, mainly through a hydrophobic interaction. This is consistent with the previous study [16] , which indicated that a fragment consisting of the last 29 amino acids of Pup is enough to bind to Mpa in a bacterial two-hybrid system.
A neighbour-joining tree showing the phylogenetic relationships within the ubiquitin superfamily and the Pup family was generated based on a series of sequences. Phylogenetic analysis clearly shows that the Pup family belongs to a unique and divergent evolutionary branch (Figure 7) , suggesting that it is The sequences were aligned with ClusterW and the phylogenetic tree was constructed with the neighbour-joining method using the MEGA 4 program. The non-parametric bootstrap test was performed for 1000 replicates. Sequences used in construction of phylogenetic tree are listed in Supplementary Table S1 .
the most ancient and deeply branched family among ubiquitinlike proteins. This might explain the distinction of structural characteristics between Pup and other ubiquitin-like superfamily proteins.
In conclusion, our accumulated data demonstrate that Pup from M. tuberculosis is an IDP, which is significantly divergent from the other ubiquitin and ubiquitin-like proteins in eukaryotes. Further elucidation of structural information of Pup, together with other components in the pupylation system, is necessary for potential drug design against this specific pathogen.
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